INTRODUCTION
The class Actinobacteria is a very large and diverse group of gram-positive, high-GϩC bacteria whose members produce a variety of morphologies, from small cocci to highly branched mycelia (145) . Members of the Actinobacteria are encountered in a wide range of ecosystems, from soil and seawater to the skin, lungs, and gastrointestinal tract of humans, and are responsible for the production of commercial products, including amino acids, vitamins, and antibiotics (52, 155) , as well as for causing important human diseases, such as leprosy, tuberculosis, and diphtheria. In addition, members of the Actinobacteria are used in the biodegradation of organic compounds during bioremediation (62) . One feature which is common to most of the Actinobacteria is the production of mycothiol (MSH; also designated AcCys-GlcN-Ins), a small thiol that is often present in millimolar amounts and has analogous functions to glutathione (GSH), which is not found in Actinobacteria (84) .
In this review, we discuss what is currently known about the biochemistry, biosynthesis, catabolism, and function of MSH. The majority of the early work on MSH was carried out with mycobacteria, and this has laid the basis for more recent studies of other Actinobacteria. Several recent reviews which cover aspects of MSH biochemistry have appeared. An excellent review by Bhave et al. (6) considers MSH metabolism in the larger general context of sulfur metabolism. Detailed coverage of MSH-dependent enzymes with bioinformatic analysis and comparison to analogous GSH-dependent enzymes is found in a review by Rawat and Av-Gay (114) . Hand and Honek (41) consider MSH in the context of the spectrum of thiols found in microorganisms. In this review, we have sought to minimize coverage of those aspects that are well treated in these recent reviews and to emphasize relevant chemical details where these have been elucidated, but substantial overlap of coverage in some areas could not be avoided.
STRUCTURE, PREPARATION, PROPERTIES, AND DISTRIBUTION OF MSH

MSH, or 1-O-[2-[[(2R)-2-(acetylamino)-3-mercapto-1-oxopropyl]amino]-2-deoxy-␣-D-glucopyranosyl]-D-myo-inositol
, was initially isolated and its structure elucidated from Streptomyces strains (87, 123) and from Mycobacterium bovis (133) . The common name mycothiol was proposed by Spies and Steenkamp (133) . The structure (Fig. 1A ) involves a cysteine residue in which the amino group is acetylated and the carboxyl group is amide linked to D-glucosamine, which is in turn ␣(1-1) linked to myo-inositol. The amide bond linking AcCys to GlcN-Ins in MSH is sufficiently unique that it is cleaved only by specialized enzymes, such as the MSH S-conjugate amidase (Mca) (see below).
Bewley and coworkers (69) determined the conformation of mycothiol-S-bimane (MSmB) in aqueous solution by nuclear magnetic resonance (NMR), producing the mean structure shown in Fig. 1B . The conformation of the GlcN-Ins moiety was found to be essentially the same as that determined for GlcNAc-Ins, which is not surprising given the rigidity of the GlcN and Ins rings. Theoretical calculations of the favored conformation for MSH in an implicit water environment employed several different methods and generated several lowenergy clusters (40) . The global minimum cluster most closely matched the results determined by NMR on MSmB, and it was suggested that multiple conformations are in rapid equilibrium to produce the mean result determined by NMR.
A limiting factor in the study of MSH biochemistry has been the availability of MSH and its precursors. Once the structure was established, its chemical synthesis was undertaken, but generating GlcN-Ins with the correct stereochemistry is a challenging task. Jardine et al. (50) reported the production of a mixture of GlcN-Ins isomers and use of a cell-free enzyme preparation from Mycobacterium smegmatis to convert the correct stereoisomer into MSH. An acetylated derivative of the correct GlcN-Ins stereoisomer was synthesized by the Bewley group (99) , coupled to AcCySmB, and deacetylated to generate the bimane derivative of MSH, MSmB. Lee and Rosazza (65) produced the acetylated GlcN-Ins by a different route and coupled it to N,S-diacetyl-L-cysteine to produce peracetylated MSH. Basic hydrolysis generated a mixture of MSH and MSH disulfide (MSSM), with an overall yield of ϳ0.4%. A high yield of GlcN-Ins was obtained in a recently reported synthesis of this substrate for use in a kinetic study of MshC (28) . The complexity and poor yields involved in chemical synthesis have thus far made isolation of MSH a more efficient means of its generation.
In our laboratory, we isolate MSH from M. smegmatis by using thiol affinity chromatography on activated thiopropyl agarose, followed by elution with dithiothreitol and preparative high-performance liquid chromatography (HPLC) of the eluent (142) . Steenkamp and Vogt (135) described an alternative approach to isolation of MSH involving reaction of the thiol with 2-S-(2Ј-thiopyridyl)-6-hydroxynaphthyldisulfide to generate 2-S-(mycothiolyl)-6-hydroxynaphthyldisulfide, followed by solid-phase extraction on a C 18 cartridge and preparative HPLC purification of the disulfide in the concentrated eluent. The disulfide was reduced with dithiothreitol, and MSH was purified by preparative HPLC. GlcN-Ins can be generated from the bimane derivative MSmB or other S-conjugates of MSH (MSR) by treatment with the S-conjugate amidase Mca (see below) and purification by solid-phase extraction (86) .
A key property of MSH is its resistance to autoxidation. Cysteine undergoes heavy metal-catalyzed autoxidation much more rapidly than GSH does (45, 138, 140) , a property attributable to the ability of cysteine to provide three metal ligands in a favorable geometric arrangement (Fig. 1C) . The affinities of the substituents for heavy metals decrease in the order -S Ϫ Ͼ -NH 2 Ͼ -COO Ϫ . Since autoxidation produces hydrogen peroxide, which is lethal to cells (45) , cysteine is a liability to aerobic cells and is generally maintained at a low concentration. Cysteine derivatives found at high levels in cells have the amino and carboxyl groups blocked in order to slow autoxidation. In GSH, the ␥-glutamyl and glycine residues reduce the Cu-catalyzed autoxidation rate 8-to 26-fold (45, 138, 140) . In MSH, the acetyl and GlcN-Ins residues make Cu-catalyzed autoxidation of MSH some 30-fold slower than that of cysteine and 7-fold slower than that of GSH (87) . Cys-GlcN-Ins autoxidizes ϳ11-fold faster than MSH, which shows that blocking the amino group of Cys is of major importance (94) . Why MSH is more resistant than GSH to autoxidation is not apparent but may be associated with the absence of any metal-chelating residues in the molecule other than the thiol group. The metal ion autoxidation rate is influenced by the thiol pK a and possi- bly by the redox potential, but these have not been reported for MSH. Another problem for Cys in the cell comes from the presence of coenzyme A (CoA) thioesters. S-Acyl transfer reactions between thiols and thioesters are facile reactions (36, 66) , and with the presence of acetyl-CoA and other acyl-CoAs at significant levels, the equilibrium generation of cysteine thioester species is highly likely. The difficulty is that cysteine thioester species are able to undergo a facile intramolecular acyl transfer reaction from sulfur to nitrogen via a favorable cyclic transition state (Fig. 1D ) to generate the more stable amides, RCONH-Cys. With the amino group blocked, as in GSH or MSH, such rearrangements do not occur, and the thioester can revert to the acyl-CoA if the concentration of CoA is favorable. This aspect of thiol biochemistry has received little attention, in part because of the difficulty in measuring intracellular levels of specific acyl thioesters. The Cys acyl transfer problem and the Cys autoxidation problem are key reasons that cellular levels of Cys are kept low.
MSH has been found to occur only in Actinobacteria, as summarized in Table 1 (64, 84, 89) . However, not all Actinobacteria produce MSH. One Arthrobacter species and one each of Actinomyces and Agromyces species gave negative analyses from determinations for samples obtained at a single growth time. However, MSH levels can vary markedly with the growth phase, and it would be imprudent to conclude that MSH is not produced by a species from analyses at a single growth time. Thus, for the marine streptomycete CNQ703, the values varied 40-fold over the full range of growth and secondary metabolite production (Table 1) . MSH has not been found in representative samples of low-GC gram-positive bacteria, gram-negative bacteria, plants, fungi, or animals (84) . Thus, we conclude that MSH biosynthesis is restricted to the Actinobacteria.
MSH BIOSYNTHESIS
The Biosynthetic Pathway MSH biosynthesis was first elaborated in mycobacteria and is accomplished in five steps, starting from 1L-myo-inositol-1-phosphate (1L-Ins-1-P or Ins-P), which is produced from glucose-6-phosphate (Glc-6-P) by inositol phosphate synthase (Ino1) (Fig. 2) . The first dedicated intermediate in MSH biosynthesis is 1-O-(2-acetamido-2-deoxy-␣-D-glucopyranosyl)-Dmyo-inositol-3-phosphate (GlcNAc-Ins-P), produced from UDP-GlcNAc and Ins-P by the glycosyltransferase MshA (91, 92) . The second step involves the dephosphorylation of GlcNAcIns-P, catalyzed by MshA2, which is encoded by a gene that is not yet identified. The third step is the deacetylation of 1-O-(2-acetamido-2-deoxy-␣-D-glucopyranosyl)-D-myo-inositol (GlcNAc-Ins) by the metalloprotein MshB (85) to yield 1-O-(2-amino-2-deoxy-␣-D-glucopyranosyl)-D-myo-inositol (GlcNIns), the major intermediate found in extracts of mycobacteria (14, 93, 118) . The substrate and products involved in the fourth and fifth steps of MSH biosynthesis were first identified by Steenkamp and coworkers (9) and confirmed by Anderberg et al. (1) . The fourth step in the pathway is the ATP-dependent ligation of cysteine with GlcN-Ins by MshC, a homolog of Cys-tRNA synthetase, to produce 1 (125) . The final step of MSH biosynthesis is acetylation of the amino group of cysteine in Cys-GlcN-Ins by acetyl-CoA under catalysis by a GCN5 acetyltransferase, MshD, yielding MSH (59) .
The MSH biosynthesis genes for Mycobacterium tuberculosis, Mycobacterium smegmatis, Streptomyces coelicolor, Corynebacterium glutamicum, and Rhodococcus jostii RHA-1 are listed in Table 2 . All gene assignments for these organisms have been confirmed experimentally, with the exception of those for R. jostii RHA-1. In each organism, the genes are not arranged in operons and are found throughout the respective genome.
MshA, the MSH Glycosyltransferase, and MshA2, the MSH Phosphatase MSH biosynthesis begins with the formation of the pseudodisaccharide phosphate GlcNAc-Ins-P by MshA, a glycosyltransferase identified by Tn5 mutagenesis of M. smegmatis (92) . This was done by showing that extracts of M. smegmatis produced GlcN-Ins from 1D,L-Ins-1-P and UDP-GlcNAc but not from myo-inositol or 1-D-Ins-1-P and UDP-GlcNAc, indicating that 1L-Ins-1-P was the inositol donor for MshA. This was verified with authentic 1L-Ins-1-P produced by Archaeoglobus fulgidus inositol phosphate synthase (18) . With 1L-Ins-1-P as the substrate of MshA, the product is predicted to be GlcNAcIns-P (Fig. 2) , and this was verified by HPLC-mass spectrometry analysis (92) .
The MshA protein proved difficult to clone and express in active form as a His 6 -tagged protein from M. tuberculosis, Streptomyces coelicolor, and Nocardia farcinica but was successfully produced by the Blanchard group from Corynebacterium glutamicum (146) . The enzyme was found to exhibit MichaelisMenten kinetics with both 1L-Ins-1-P and UDP-GlcNAc, producing K m values of 240 Ϯ 10 and 210 Ϯ 20 M, respectively, and a k cat value of 12.5 Ϯ 0.2 s Ϫ1 . The rate expression with variation of both substrates corresponded to that expected for a sequential mechanism. Crystal structures were obtained for the apo-enzyme, the binary complex with UDP, and the ternary complex with UDP and 1L-Ins-1-P (146) . The results demonstrate that a substantial conformational change occurs upon UDP binding, which generates the binding site for 1L-Ins-1-P. Numerous residues involved in the binding of UDP and 1L-Ins-1-P could be identified, and a few of these are shown in Fig. 3 . The phosphate residue of inositol is stabilized by electrostatic interactions with K78 and R154 and by multiple hydrogen bonds, likely explaining why the enzyme is inactive with myo-inositol (92) . UDP is oriented and stabilized by interaction with R231 and K236 as well as with other residues.
FIG. 2. Biosynthesis of MSH.
myo-Inositol-1-phosphate synthase (Ino1) generates Ins-P, MSH glycosyltransferase (MshA) links Ins-P to GlcNAc, MSH phosphatase (MshA2) generates GlcNAc-Ins, MSH deacetylase (MshB) produces GlcN-Ins, MSH ligase (MshC) links Cys with GlcN-Ins, and MSH synthase (MSH acetyltransferase; MshD) acetylates Cys-GlcN-Ins to produce MSH. Note that myo-inositol has a plane of symmetry through C-2 and C-5, making C-1 and C-3 equivalent so GlcN-Ins-P can be named as a derivative of 1L-Ins-1-P or 1D-Ins-3-P, and that both systems are used. The highly conserved G22-G23 sequence is also part of the active site, with G23 hydrogen bonding to the ␤-phosphate of UDP. This explains why a G32D mutant of M. smegmatis MshA (G32 is equivalent to G22 of C. glutamicum) is totally inactive (91) , since replacement of the hydrogen side chain of glycine with the carboxymethyl side chain of aspartic acid would be expected to greatly disrupt the active site (Fig. 3) .
The crystal structure data provided the basis for a molecular model of the ternary complex of MshA with UDP-GlcNAc and 1L-Ins-1-P and for a proposed mechanism of catalysis (146) . The slow step of the reaction is considered to involve a nucleophilic internal substitution in which the UDP-GlcNAc bond ionizes to generate a C-1 cation stabilized by the neighboring oxygen lone pair (Fig. 3B) . Simultaneously, the ␤-phosphate residue functions as a general base, with the hydroxyl group of inositol allowing the resulting oxygen anion to attack the cationic site, generating a product with a retained configuration.
Dephosphorylation of GlcNAc-Ins-P generates GlcNAc-Ins, the substrate of MshB. This phosphatase, termed MshA2, is currently unidentified. There are four inositol monophosphatase (IMP) homologs to human IMP in the M. tuberculosis genome, including Rv2701c (suhB), Rv3137, Rv1604 (impA), and Rv2131c (cysQ,) which are 28, 25, 23, and 19% identical, respectively, to the human enzyme. M. tuberculosis SuhB has been cloned and expressed and was found to have activity with 1D-Ins-P, Ins-2-P, glucitol-6-P, and 2Ј-AMP, similar to the human, plant, and Escherichia coli IMP substrate specificity (102) , but SuhB has not been assayed for MshA2 activity. Since no phosphatase mutants were identified in the screening of chemical (96, 118) or transposon (59, 91, 118) M. smegmatis mutant libraries for MSH-deficient mutants, it seems likely that more than one phosphatase in mycobacteria has MshA2 activity. Even alkaline phosphatase has been shown to dephosphorylate GlcNAc-Ins-P (146).
Inositol is utilized in two known pathways in mycobacteria, namely, the production of phosphatidylinositol for phosphatidylinositol mannosides and the biosynthesis of MSH. In M. tuberculosis, inositol is supplied as 1L-Ins-1-P from glucose-6-P (Fig. 2) by inositol phosphate synthase (Ino1) (81) . The essential ino-1 gene was knocked out in M. tuberculosis, and mutants were inositol auxotrophs, had normal levels of phosphatidylinositol mannosides, lipomannan, and lipoarabinomannan but low levels of MSH (Y. Av-Gay, personal communication), and were attenuated for growth in SCID mice (81) . The finding of any MSH in this mutant is surprising. The immediate product of the reaction of ino-1 is 1L-Ins-1-P, and the knockout mutant requires myo-inositol to produce phosphatidylinositol for cell wall synthesis. There are only two known types of enzymes that utilize inositol-1-phosphate in mycobacteria, i.e., inositol monophosphatase (SuhB [101, 102] and CysQ [37, 43] ) and MshA. MshA cannot utilize myo-inositol or 1D-Ins-1-P, produced from the action of phospholipase C activity on phosphatidyinositol, to produce MSH (92) . It is possible that a myo-inositol kinase activity exists in M. tuberculosis and produces the 1L-Ins-1-P required for MSH biosynthesis, as postulated for M. smegmatis (92) .
MshB, the MSH Deacetylase
The third MSH biosynthesis enzyme, MshB, was discovered as a homolog of the MSH S-conjugate amidase (Mca) (see below), an MSH-dependent detoxification protein (85 , and this was confirmed by X-ray fluorescence scanning and the coordination geometry determined by X-ray crystallography (71) . A second structure of MshB was determined with bound mercury and octylglycoside in the active site (73) . In both cases, the metal binding ligands were identified as His13, Asp16, and His147, and Asp15 was identified as a plausible general base for deprotonation of water in the catalytic step.
A proposed catalytic mechanism for MshB, based on the crystal structure (71) , is shown in Fig. 4 . The conserved Asp15 residue serves as a general base for removal of a proton from water, serving as a nucleophile in the attack on the amide carbonyl which is polarized by the zinc. The developing negative charge on the carbonyl oxygen is stabilized by hydrogen bonding to the protonated His144 connected in a charge-relay system to Asp146. Decomposition of the tetrahedral intermediate requires transfer of a proton to the amine of the leaving GlcN-Ins. The general acid serving this function could be either protonated Asp15 (71) or protonated His144 (46) .
A study of the substrate specificity of M. tuberculosis MshB produced some curious results, as shown in Fig. 5 
MshC, the MSH Ligase
The fourth MSH biosynthesis gene product, MshC, forms an amide bond between the amine of GlcN-Ins and the carboxylate of L-cysteine. MshC was identified by purification of the ligase activity from crude extracts of M. smegmatis, followed by N-terminal sequencing (125) . MshC is a homolog of Cys-tRNA synthetase, which is unusual among tRNA synthetases because it is a Zn 2ϩ -containing protein (83) . Cloning, expression, and purification of MshC from M. tuberculosis proved difficult in E. coli by use of conventional His affinity tags. The native enzyme has been cloned and expressed in an M. smegmatis MshC-deficient mutant, but its purification is rather tedious (95) . Expression and affinity purification of M. tuberculosis MshC have been achieved in an MshC M. smegmatis mutant by use of the N-terminal fusion tags glutathione S-transferase and maltose binding protein or the B1 domain of streptococcal protein G (38) .
MshC from M. smegmatis proved less fastidious, was expressed in E. coli as an N-terminally His-tagged protein, and was purified with a high yield (28) . The M. smegmatis enzyme was used for a detailed study of the reaction mechanism by the Blanchard group (28) . In order to study the mechanism of the MshC-catalyzed reaction, the group carried out a chemical synthesis of GlcN-Ins, needed as a substrate, and conducted initial velocity and inhibition studies of the steady-state mechanism. The data were consistent with a bi uni uni bi ping pong mechanism, as shown in Fig. 6A , although the order of product release of AMP versus Cys-GlcN-Ins was not defined by the results. The rate-determining turnover of E-ATP-Cys to ECysAdenylate-PP i competes with that of E-CysAdenylateGlcN-Ins to E-AMP-Cys-GlcN-Ins, with the rates being ϳ9.4 and ϳ5.2 s Ϫ1 , respectively, yielding a calculated steady-state k cat of 3. In a subsequent study, the initial steps of the MshC-catalyzed reaction were examined by positional isotope exchange using [␤␥- 18 O 6 ]ATP (157) . In the presence of cysteine, formation of E-CysAdenylate-PP i occurs with cleavage of the ␣-P-16 O bond to release PP i with a single 16 O and six 18 O atoms. The reaction is reversible and produces isotopic mixing of the 16 O among the ␤-and ␥-phosphate oxygens of ATP, as measured by 31 P NMR. The rate is dependent on the cysteine FIG. 4 . Proposed mechanism for the M. tuberculosis deacetylase MshB (71) . The active site is formed with Asp15, His13, and His147 coodinating a Zn ion required for catalysis and protein stability. The active-site Zn also polarizes the acetyl carbon-oxygen bond of bound GlcNAc-Ins for attack by a hydroxyl ion generated from water by protonation of Asp15. The forming acetate is hydrogen bonded to His144 or Asp15 to complete the hydrolysis. 11 ). The natural substrate of MshB is GlcNAc-Ins, whose rate is set at 100 as a reference. 6A , lower route). The rate of isotopic exchange was eliminated in the presence of pyrophosphatase, showing that the PP i dissociates from the E-CysAdenylate complex and rebinds to produce the positional isotopic exchange. In the presence of high concentrations of GlcN-Ins, the exchange activity was eliminated. This result indicates that dissociation of PP i from the enzyme complex is faster than reformation of ATP and Cys from the E-CysAdenylate-PP i complex. Alternatively, if GlcNIns can bind to this complex prior to dissociation of PP i (an alternative pathway to that shown in Fig. 6A ), then this result shows that reaction of the complex with GlcN-Ins is faster than the overall rate for regeneration and dissociation of ATP from the enzyme. 5B ) is a known nanomolar inhibitor of Cysand prolyl tRNA synthetases (53) and was shown to be a potent inhibitor of His-tagged M. smegmatis MshC, having an ATP competitive inhibition constant of 304 Ϯ 40 nM (28). Cys sulfamoyl adenylate was also found to be a 50 nM inhibitor of maltose binding protein-linked M. tuberculosis MshC, whereas the aspartyl and seryl sulfamoyl adenosine analogs were less potent inhibitors of M. tuberculosis MshC (38, 38a), in accord with their expected lower affinities for the active-site zinc.
Currently, no crystal structure is available for MshC, but a crystal structure for the homologous E. coli Cys-tRNA synthase has been reported (83) .
MshD, the MSH Synthase (MSH Acetyltransferase)
MSH synthase (MshD) is the fifth and final enzyme in the MSH biosynthesis pathway and catalyzes the acetylation of the amino group of Cys-GlcN-Ins by acetyl-CoA (59) . MshD is a member of a large family of GCN5-related N-acetyltransferases (GNATs) (23) . It appears to have two separate regions with similarity to the pfam00583 domain for acetyltransferase and is approximately twice the size of homologous proteins, indicating that MshD is the result of a gene duplication (59) . Blanchard and coworkers (147) Kinetic studies indicated a ternary complex mechanism common to the GNAT superfamily of N-acetyltransferases in which both substrates must be present for the reaction to occur (148) . Based upon the crystal structure of the mixed disulfide of Cys-GlcN-Ins and CoA and the pH dependence of enzyme activity, the catalytic mechanism shown in Fig. 7 was proposed. Glu234 is proposed to act as general base via an intervening water molecule, the Leu238 backbone NH stabilizes the negative charge developed in the transition state on the carbonyl of the acetyl residue, and Tyr294 provides a proton to generate CoA in the thiol form (CoASH). The K m values for acetyl-CoA and Cys-GlcN-Ins were determined to be 40 Ϯ 5 M and 82 Ϯ 22 M, respectively.
Regulation of MSH Biosynthesis
There is a regulator preceding MshA in M. tuberculosis (Rv0485) annotated as a transcriptional regulator similar to an N-acetylglucosamine repressor from Vibrio cholerae. Similarly, a transcriptional regulator precedes MshD in M. tuberculosis (Rv0818), but no functional studies of the genes have been reported. Indirect evidence suggests that mRNA levels of the MSH biosynthetic genes are relatively constant in M. tuberculosis, since none of these genes have been identified in various studies examining changes in mRNA levels under various conditions, such as stationary phase and low oxygen (151), exposure to hydrogen peroxide and palmitic acid, growth within macrophages (128) , and exposure to nitric oxide (150) . MSH Sigma factors are involved in the regulation of MSH metabolism in Streptomyces coelicolor A3 (2) . A sigma factor responsive to osmotic and peroxide stresses, B , has been linked to upregulation of mshA, mshC, and mshD in S. coelicolor (63) . S1 nuclease mapping showed that expression of mshA, mshC, and mshD was induced by osmotic stress and that the induction of mshA and mshC did not occur in a B -deficient mutant. Levels of MSH were only slightly lower (Ͻ2-fold) in the B null mutant, suggesting that B may not be a major regulator of MSH metabolism under these conditions.
In S. coelicolor, the response to the production of disulfide bonds within the cell (disulfide stress) is regulated by the sigma factor R . The activity of R is controlled by the anti-sigma factor RsrA, which responds to changes in the intracellular thiol-disulfide redox balance (54) . Using a consensus sequence of R target promoters, Paget et al. (104) predicted that R regulates the expression of more than 30 genes, including genes involved in thiol metabolism. When MSH levels were examined in a R -deficient mutant, they were fourfold lower than parental levels during all phases of growth. More recently, the role of R in MSH metabolism was elaborated by Park and Roe (106) . A complex is formed between R and the reduced form of the R regulator. Exposure of the oxidized disulfide form of RsrA to thiols generates RsrA red , and thiols generated allow it to bind Zn and form RsrA(Zn) red (161) . RsrA(Zn) red binds R , preventing it from activating its target genes.
R activates direct expression of a host of genes, including mshA and mca, and indirect expression of mshB, mshC, and mshD (106) . Treatment of cells with reagents that deplete MSH, including the thiol oxidant diamide and the thiol alkylating agents monobromobimane (mBBr) and N-ethylmaleimide, leads to oxidation of RsrA and the release of R , with subsequent expression of the R regulon. The consensus promoter sequence for mshA and mca was identified as GGAAT-N 18 -GTT, differing in only 1 nucleotide of spacer length from the sequence determined by Paget et al. (104) . Other genes that undergo increased expression with R include rsrA and sigR, producing amplification of the redox sensing system, and trxAB (encoding thioredoxin and thioredoxin reductase), which also provides reducing capacity. The sigR gene is absent in mycobacteria, but a related gene product, H (MT3320 in M. tuberculosis CDC1551), regulates responses to both heat shock and redox stress (55) . Several components of the thioredoxin system were found to be regulated by H in M. tuberculosis, but none of the MSH biosynthetic genes were noted.
MUTANTS IN MSH BIOSYNTHESIS
Mycobacterium smegmatis
Studies using mutants defective in MSH production have been invaluable in identifying the genes encoding each of the MSH biosynthetic enzymes, in determining which of the genes is essential for the biosynthesis of MSH, and in defining the various functions within the cell that require MSH. The initial studies on MSH biosynthesis were carried out with M. smegmatis, and viable mutants with reduced activity of each of the MSH biosynthetic enzymes, except for MshA2, have been recovered. One or more of these M. smegmatis MSH mutants has exhibited an increased sensitivity to reactive oxygen and nitrogen species, to alkylating agents, and to antibiotics, suggesting that MSH is involved in mutiple detoxification mechanisms.
A summary of the thiol content of the M. smegmatis MSH mutants is given in Table 3 . Data for M. smegmatis mc 2 155 were taken from multiple analyses performed in our laboratory (1, 59, 94) . Mutants in the mshA gene produce undetectable levels of MSH and none of the MSH intermediates. The first MshA-deficient mutant isolated was a chemical mutant (96) that contained a single base change within mshA, producing a G32D mutation, but contributions to the phenotype by addi- Table 3 ), confirming that the major deacetylase activity within the MSH biosynthetic pathway has been inactivated. The mshB mutant also produces about 10% of normal levels of MSH, indicating that the cell contains an additional activity that is capable of deacetylating GlcNAc-Ins. A possible candidate for this deacetylase is the related protein Mca, which has weak GlcNAcIns deacetylase activity (136) . However, complementation of Myco504 with an expression plasmid expressing Mca did not increase the level of MSH in the complemented mshB mutant (117), so involvement of another deacetylase is possible.
The Tn1 transposon mutant is completely defective in MshC activity, has undectable levels of Cys-GlcN-Ins and MSH, and has elevated levels of GlcN-Ins (118) . Interestingly, the transposon insertion in this mutant and a companion MshC-deficient mutant, the Tn2 mutant, is not within the mshC gene but at an unknown location within the chromosome.
The mshD::Tn5 mutant is a transposon mutant which was also initially identified by its resistance to isoniazid. The MshD mutant produces small amounts of MSH as well as high levels of the MshD substrate Cys-GlcN-Ins, a novel thiol (formylCys-GlcN-Ins), and moderate amounts of another novel thiol, succinyl-Cys-GlcN-Ins (59, 94) . Formyl-Cys-GlcN-Ins is closely related to MSH in structure, with the CH 3 CO-residue replaced by HCO-on the nitrogen of Cys. Experimentally, formyl-Cys-GlcN-Ins has been shown to replace MSH in reactions of two MSH-dependent enzymes, Mca and Mtr (mycothione reductase), with reduced but significant rates (94) . This suggests that high levels of formyl-Cys-GlcN-Ins may partially substitute for MSH in the MshD-deficient mutant. Chemical transacylation of Cys-GlcN-Ins by acetyl-CoA and succinylCoA is the most likely source of the small amounts of MSH and succinyl-Cys-GlcN-Ins produced in this mutant.
The following is a summary of phenotypic characteristics observed among the various M. smegmatis MSH mutants.
Poor growth during initial culture. We have observed that MshA-and MshC-deficient mutants are slower to grow from frozen stocks during the initial stages of culture, and this may reflect their lack of MSH. This suggests that MSH may provide some protection during adaptation to growth in an oxygen-rich environment and during the initiation of cellular metabolism.
Sensitivity to reactive oxygen and nitrogen species and redox cycling agents. The MSH mutants have been reported to exhibit some degree of sensitivity to reactive oxygen species and redox cycling agents, with the results dependent upon the type and amount of compound used and the manner in which the assay was performed. Compounds which produced greater inhibition of growth in a disk diffusion assay included hydrogen peroxide, menadione, plumbagin, and t-butyl hydrogen peroxide (with MshA, MshB, MshC, and MshD mutants) (116) (117) (118) . The MshA chemical mutant and MshC-deficient mutants (Tn1 and Tn2) were at least 10-fold more sensitive to killing by hydrogen peroxide in a 2-h broth exposure (96, 118) . The MshA mutant was also reported to be more sensitive to killing by gaseous nitric oxide (79) . When bacteria were continuously exposed to gaseous nitric oxide, toxicity to the mutant began after 4 h of exposure to the gas, compared to 7 h for wild-type M. smegmatis.
Sensitivity to alkylating agents. The MSH S-conjugate amidase (Mca) takes part in the detoxification of alkylating agents, suggesting that MSH-deficient mutants should be more sensitive to these agents (86) . The MshC mutants were two-to fourfold more sensitive to killing by the alkylating agents mBBr, iodoacetamide, and 1-chloro-2,4-dinitrobenzene (118) . In a separate study using a disk diffusion assay, the MshA-, MshB-, MshC-, and MshD-deficient mutants were all sensitive to 1-chloro-2,4-dinitrobenzene at 0.2 mol, and all except the MshB mutant were sensitive to iodoacetamide at 0.05 mol (116) .
Resistance to isoniazid and to ethionamide. One of the most pronounced characteristics observed in the first MSH mutant isolated was its Ͼ25-fold increase in resistance to isoniazid (96) . In the subsequent isolation of additional MSH mutants, resistance to 100 g/ml isoniazid was used in the initial mutant screen. In this manner, the mshA::Tn5 and mshD::Tn5 mutants were isolated (59, 91) . The MshB-deficient mutant, which makes 5 to 10% of normal MSH levels, has been reported to be only slightly more resistant to isoniazid than the wild type in a disk assay (116, 117) , suggesting that moderate levels of MSH are sufficient to confer normal sensitivity to isoniazid. Enhanced resistance to ethionamide is another characteristic of the MshA-, MshB-, and MshD-deficient mutants, with complete resistance at 50 g/ml in a disk assay (116) . Using an agar plate assay, the MIC 99 of ethionamide for the mshB mutant Myco504 was 150 g/ml, which was sixfold higher than that for the parental strain (117) . Both isoniazid and ethionamide are prodrugs which need to be activated intracellularly and whose reactive groups must be unmasked before inhibiting their targets (4). The high levels of resistance of the MSH mutants to isoniazid and to ethionamide suggest that MSH is involved in the activation of these drugs.
Sensitivity to other antibiotics. In contrast to the enhanced resistance to isoniazid and to ethionamide, the MSH mutants have displayed increased sensitivities to a variety of antibiotics, including rifamycin, streptomycin, erythromycin, and azithromycin (96, (116) (117) (118) . For example, the MshA mutant was 10-fold more sensitive to rifampin and ϳ20-fold more sensitive to erythromycin than the wild type by use of Etest strips (116) .
Production of novel thiols. The mshD mutant produces two novel thiols, formyl-Cys-GlcN-Ins and succinyl-Cys-GlcN-Ins (94) . The blockage at the MshD step results in an accumulation of high levels of Cys-GlcN-Ins within the cell. It seems likely that cellular succinyl-CoA undergoes S-transacylation with Cys-GlcN-Ins, followed by S-N acyl transfer, to form succinyl-Cys-GlcN-Ins (Fig. 1D) , a process shown to occur chemically in solution (94) . This is similar to the nonenzymatic formation of MSH via acetyl-CoA in the mutant. formyl-Cys-GlcN-Ins in the mshD mutant is likely to be enzymatic.
Mycobacterium tuberculosis
Using a temperature-sensitive shuttle phasmid to introduce targeted disruptions within the chromosome of M. tuberculosis Erdman, we have been able to generate viable mutants in the mshB (14) and mshD (13) genes but not in the mshA (12) and mshC (124) genes (Table 4 ). The mshB mutant, which carries a disruption in gene Rv1170, produced ϳ20% of wild-type levels of MSH during exponential growth. With prolonged culture, MSH levels increased over 20-fold, to levels significantly higher than those in wild-type M. tuberculosis (14) . GlcNAc-Ins levels were dramatically elevated and GlcN-Ins levels were reduced in the mutant, establishing that the Rv1170 gene encodes the major MshB activity in the MSH biosynthetic pathway of M. tuberculosis but that another deacetylase activity can partially substitute for Rv1170 activity during MSH biosynthesis. The mshD mutant produced ϳ1% of normal MSH levels and high levels of the MshD substrate Cys-GlcN-Ins (13) . The dominant thiol in the MshD mutant was formyl-CysGlcN-Ins, similar to the situation in M. smegmatis.
Because the MshB-and MshD-deficient mutants produce significant levels of either MSH or the MSH-like thiol formylCys-GlcN-Ins, they are not ideal organisms for characterizing a MSH-free state in M. tuberculosis. However, certain characteristics which suggest functions for MSH in M. tuberculosis during its growth and response to stress were apparent in both of these mutants. Both the MshB-and MshD-deficient mutants grew poorly on agar media lacking Middlebrook OADC supplement (oleic acid, NaCl, albumin, dextrose, and catalase), resulting in a reduced plating efficiency and smaller colony size. The defect was most pronounced for the MshD-deficient mutant, with a Ͼ3-log drop in plating efficiency on plates lacking OADC versus ADS supplement (albumin, dextrose, NaCl) (13) . Log-phase cultures of the MshB-deficient mutant were ϳ2.5 times more sensitive to the toxic oxidant cumene hydroperoxide after 7 h of exposure and 2 to 4 times more sensitive to rifampin, depending upon the concentration of drug. The MshD-deficient mutant was moderately more sensitive to killing by hydrogen peroxide and more restricted in growth in moderately acidic (pH 5.5) medium. In a genomewide screen of nonessential M. tuberculosis genes required for growth in macrophages, an mshD mutant was one of the most impaired (120) . The mshD mutant failed to grow in cultures of primary murine macrophages that modeled all stages of the host immune response, including inactivated macrophages, gamma interferon-preactivated macrophages, and gamma interferon-postactivated macrophages. The mshD mutant had not previously been identified as being defective for growth in the spleens of mice after intravenous infection of mice (127) 
MSH Mutants in Other Actinobacteria
Mutants in MSH biosynthesis have been isolated in several other Actinobacteria, and those mutants which have been characterized have phenotypes that are quite similar to those observed with the M. smegmatis mutants. In Streptomyces coelicolor, disruption of the mshA, mshC, or mshD gene abolished all detectable MSH, while a MshB mutant produced 10% of wild-type levels (107) . This indicates that the deacetylase activity of the MshB protein can be provided by other enzymes, while MshA, MshC, and MshD are essential for MSH biosynthesis in S. coelicolor, which is identical to the situation in M. smegmatis. The MshA and MshC mutants were reported to differentiate more slowly, but all of the mutants grew as well as the wild type in yeast extract-malt extract liquid medium. Corynebacterium glutamicum is an MSH-containing soil organism that is commercially used to produce amino acids and vitamins and that can metabolize aromatic compounds. Mutations in mshC and in mshD resulted in no MSH, while a mutation in mshB reduced MSH levels (29) . The mshC and mshD mutants were unable to grow in media with gentisate or 3-hydroxybenzoate as a carbon source, and this observation led to the discovery of an MSH-dependent maleylpyruvate isomerase. A MshD mutant has been constructed in Amycolatopsis mediterranei, a streptomycete strain used to produce rifamycin SV (17) . Although MSH was not quantitated in this mutant, the mutant was reported to grow slower than the wild type on plates and was more sensitive to hydrogen peroxide and the antibiotics apramycin and erythromycin.
MSH-DEPENDENT ENZYMES
Overview
Enzymes which require MSH are involved in a number of cellular processes, including detoxification of electrophilic compounds, inactivation of reactive oxygen and nitrogen species, reductions, and isomerizations. The activities of some of the more well-characterized enzymes are summarized in Fig. 8 . MSH reacts spontaneously with formaldehyde to produce an adduct, H 2 C(OH)SM, which is a substrate for the formaldehyde dehydrogenase AdhE2 (103) . AdhE2-catalyzed oxidation of formaldehyde to formate detoxifies formaldehyde originating from metabolic or environmental sources. It was later shown that the mycobacterial enzyme exhibits S-nitrosomyco- thiol (MSNO) reductase activity (MscR) and that the MscRspecific activity is markedly higher than the AdhE2-specific activity (149) . A key enzyme of MSH metabolism is MSH disulfide reductase (Mtr), which maintains MSH in its reduced state. MSSM is generated by MSH autoxidation but probably also by as yet unidentified MSH-dependent peroxidases. Reaction of MSH with a wide range of alkylating agents produces adducts that are cleaved by MSH S-conjugate amidase (Mca) to generate a mercapturic acid (AcCySR) and GlcN-Ins, with the latter being used by the cell to regenerate MSH (86) . All of these reactions involve detoxification functions by MSH.
An initially suprising finding was that Mca has low activity with MSH itself to produce AcCys and GlcN-Ins (86, 136) . Subsequent studies, described below, revealed that this is an important step in the catabolism of MSH, allowing it to serve as a reserve resource of cysteine, glucosamine, and myo-inositol. MSH was also shown to function as a coenzyme in the cis-trans isomerization catalyzed by maleylpyruvate isomerase (29) .
Mtr, the MSH Disulfide Reductase (Mycothione Reductase)
The hallmark of the thiol redox buffer of any cell is the presence of a specific disulfide reductase that allows a highly reduced status to be maintained within the cell. Due to the substantial CoA content in mycobacteria, it was not initially clear whether MSH or CoA was the redox buffer until the M. tuberculosis genome sequence was published (19) . The genome did not show single-active-site cysteine-type CoA disulfide reductases homologous to Staphylococcus aureus CoA disulfide reductase (21) but did indicate a gene, annotated as gorA (GSH reductase), later shown to be the MSH disulfide reductase by Patel and Blanchard (108) . MSH disulfide reductase, named mycothione reductase by analogy with GSH reductase and trypanothione reductase, was one of the first enzymes of MSH metabolism to be characterized, and it plays a key role in maintaining MSH in a reduced state. The Rv2855 gene in M. tuberculosis was cloned and overexpressed in M. smegmatis as the native protein, was purified to homogeneity, and was shown to reduce MSSM and the disulfide of des-myo-inositol MSH (108, 109) . Subsequent sequencing of genomes allowed the identification of genes encoding Mtr in M. smegmatis (MSMEG2611), Corynebacterium glutamicum (NCg1832), and Rhodococcus jostii RHA1 (ro006610), with identities of Ͼ50%. The closest homolog in Streptomyces coelicolor (SCO2180) has only 27% identity and 44% similarity, and there are several other homologs with nearly comparable scores, so its assignment requires experimental confirmation.
Kinetic studies on M. tuberculosis Mtr by Patel and Blanchard (108-110) have provided a detailed mechanism for the reaction. The deduced mechanism is shown in Fig. 9 and is similar to the mechanism proposed for GSH reductase (121, 158) . For the reductive reaction, binding of NADPH to the oxidized enzyme is very rapid; subsequent transfer of hydride to flavin adenine dinucleotide and reduction of the active-site disulfide occur at a rate of 129 Ϯ 2 s Ϫ1 at 25°C, comparable to the corresponding value of 110 s Ϫ1 for E. coli GSH reductase (121) . Mtr will also utilize NADH, albeit less efficiently, with the maximal rate for reduction of the active-site disulfide being 20 Ϯ 1 s Ϫ1 . In the oxidative reaction, loss of NADP ϩ and binding of MSSM lead to cleavage of the substrate disulfide and formation of an MSS enzyme intermediate, followed by reduction of this disulfide and loss of the MSH products. The rate of the oxidative reaction for Mtr is 190 s Ϫ1 at 25°C, whereas the corresponding step for E. coli GSH reductase is significantly faster, at a rate of 490 s Ϫ1 at 4°C (121). Mtr appears to have a substantial degree of specificity with respect to disulfide substrates (Table 5 ). For residues attached to the carboxyl group of cysteine, no activity is seen without the GlcN residue. The Ins residue can be replaced by a benzyl residue with only a minor loss of activity, and this derivative represents a synthetically accessible alternative substrate potentially useful in screening for Mtr inhibitors (137) . All substitutions at the amino residue of cysteine, including simple removal of the acetyl moiety or its replacement by a formyl residue, produce significant losses of activity. The thiol titrating agent 5,5Ј-dithiobis(2-nitrobenzoic acid) was Ͼ10 5 -fold less reactive than MSSM (109) .
Although Mtr was one of the first MSH-dependent enzymes studied (108, 109) , the Mtr crystal structure and the identification of Mtr-specific inhibitors have not been reported and represent important areas for future study. Several quinones function as "subversive substrates" of Mtr, through promotion of redox cycling, and are toxic to mycobacteria (see below).
Mca, the MSH S-Conjugate Amidase
MSH S-conjugate amidase was accidentally discovered in our laboratory during an attempt to label MSH in M. smegmatis cells with mBBr prior to pelleting and extraction in order to ascertain whether the pelleting of cells influenced the MSH level. The cellular content of the labeled MSH, MSmB, proved to be much lower than expected, and analysis of the medium revealed the presence of a high level of AcCySmB. This is one ) and GlcN-Ins as needed for other metabolic pathways. MSH is also required for the metabolism of 3-hydroxybenzoate; the MSH-dependent step is the isomerization of maleyl-pyruvate to fumaryl-pyruvate by maleylpyruvate isomerase (see Fig. 16 for more details).
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on October 26, 2017 by guest http://mmbr.asm.org/ of a class of compounds, known as mercapturic acids, having the general structure AcCySR and long known as the final product excreted in urine of a GSH-dependent, multiorgan detoxification pathway in animals (16) . The process in mycobacteria is summarized in Fig. 10 , with mBBr as the thiolreactive toxin (86) . Rapid diffusion of mBBr into cells is followed by reaction with MSH to generate MSmB. Mca catalyzes the cleavage of MSmB. The mercapturic acid, AcCySmB, is rapidly lost from the cell, while GlcN-Ins is retained intracellularly and utilized for the resynthesis of MSH. Mca was purified from M. smegmatis and sequenced to identify the corresponding protein, encoded by Rv1082, in M. tuberculosis (86) . Genes encoding the closest homolog to Mca and their percentages of identity to Rv1082 in representative Actinobacteria are as follows: M. smegmatis MSMEG5261, 78%; Rhodococcus jostii RHA1 ro05852, 69%; C. glutamicum NCg10948, 59%; and S. coelicolor SCO4967, 52%. The uniform occurrence of mca in MSH-producing bacteria indicates that Mca plays an important role in MSH function.
The M. tuberculosis Mca, cloned and expressed in E. coli, was purified to homogeneity and shown to be a zinc-containing enzyme that is inactivated by the metal chelator 1,10-phenanthroline (136) . The cleavage of MSR by Mca follows simple Michaelis-Menten kinetics, and the enzyme is active with a wide range of substrates, including MSH itself (136) . Reaction rates for a spectrum of substrates are given in Fig. 11 . With respect to the residue attached to the sulfur of MSH, R 1 , aryl-CH 2 residues are the most reactive, but a range of structures give substantial reactivity, including the highly complex conjugate of rifamycin S (Fig. 11A) . MSH itself has a much lower reactivity, but one that is significant at the millimolar ᮎ to generate bound M-S-S-C-39 is followed by cleavage of M-S-S-C-39 by C-44S ᮎ and release of two MSH molecules to regenerate Mtr ox .
ᮎ , negative charge. (86, 106, 136) . The thiol-reactive reagent mBBr reacts with MSH, and the MSR is hydrolyzed by MSH S-conjugate amidase (Mca) to GlcN-Ins and the excreted mercapturic acid AcCySmB. GlcN-Ins is retained in the cell and recycled for MSH synthesis, using MshC and MshD. intracellular levels of MSH, even though MSH inhibits Mca at these levels (136) . As discussed below, this activity of Mca is important in the turnover of MSH. Mca activity is substantially dependent upon the integrity of the MSH moiety itself. Removal of the inosityl residue from MSmB to generate AcCySmB-GlcN reduces the value of k cat /K m 900-fold, to 100 M Ϫ1 s Ϫ1 (136) . Removal of the acetyl residue also reduces the rate 900-fold, whereas replacement of acetyl by a formyl residue results in an ϳ20-fold drop in rate (Fig. 11B) . Thus, Mca is quite sensitive to the residues present at both ends of the MSH moiety but has substantial activity with a wide range of groups linked to the sulfur atom.
FIG. 10. MSH-dependent detoxification of thiol-reactive drugs and metabolites, as reported for M. smegmatis and S. coelicolor
A variety of mercapturic acid derivatives have been isolated from cultures of various Actinobacteria and are logical products of Mca-catalyzed cleavage of MSH-derived adducts (88) . Kormann et al. (60) showed that the antibiotic granaticin A is produced by Streptomyces violaceoruber Tü 7 during the initial days of culture but disappears after 9 days, coinciding with the appearance of the corresponding mercapturic acid, granaticin MA (Fig. 12A) . The antibiotic activity of granaticin MA was at least an order of magnitude less than that of granaticin A. When 14 C-labeled granaticin A was added to the culture, a large fraction of the label was recovered in the broth as granaticin MA. This provides strong support for the operation of the MSH-dependent detoxification pathway generating the mercapturic acid via the action of Mca.
Another example is the antibiotic naphthomycin A (Fig.  12B) , an active inhibitor of a number of gram-positive and gram-negative bacteria (82) , and the corresponding mercapturic acid, naphthomycin G, which lacks biological activity (78) . This constitutes an example where MSH and Mca likely function in a detoxification mode.
Some mercapturic acids isolated from cultures of Streptomyces spp. have been found to have biological activities similar to those of their precursors in assays against mammalian targets. A recent example involves the cinnabaramides A and F (Fig.  13) , isolated from Streptomyces strain JS360 (134) . Cinnabaramide F is the mercapturic acid derived from cinnabaramide A, and both have comparable activities in the low nanomolar range in a human 20S proteasome inhibitory assay. Homologs of mca with low levels of identity to the M. tuberculosis enzyme are found in the biosynthetic operons of various antibiotic-producing Actinobacteria, suggesting that the encoded proteins may be involved in MSH-dependent antibiotic detoxification (88) . Alternatively, such mca homologs may be involved in tailoring GlcNAc residues in the biosynthesis of aminoglycoside antibiotics (139) . An updated list is provided by Rawat and Av-Gay in their recent review (114) . Experimen- (Fig. 14) , isolated from the marine sponge Oceanapia sp. and having 50% inhibitory concentrations (IC 50 s) for Mca in the low micromolar range. Subsequent synthesis of a series of related compounds identified the closely related compound EXEG1706 (Fig. 14) as a potent inhibitor of a spectrum of gram-positive bacteria, including species that do not produce MSH (113) .
MscR, MSNO Reductase/Formaldehyde Dehydrogenase
The first MSH-dependent enzyme activity to be purified was that of a factor-dependent formaldehyde dehydrogenase from Amycolatopsis methanolica (144) and Rhodococcus erythropolis (24) , for which the factor proved to be MSH (80) . Sequence analysis showed that the enzyme is a divergent medium-chain dehydrogenase/reductase (103) . The cloned His 6 -tagged M. tuberculosis enzyme proved difficult to purify in active form when expressed in E. coli or M. smegmatis (149) . The native M. smegmatis enzyme was purified by Vogt et al. (149) and shown to also exhibit much higher MSNO reductase activity, leading to its designation as MscR. They undertook detailed kinetic studies of both the formaldehyde dehydrogenase and the MSNO reductase reactions. The reactions catalyzed are shown in Fig. 15 .
Thiols, including MSH, react rapidly with formaldehyde to produce a hemithioacetal (Fig. 15A) . This was shown to be the substrate of MscR in a reaction studied with excess formaldehyde (149). The rate was followed by the reduction of NAD ϩ and shown to be dependent upon MSH and NAD ϩ concentrations, in accord with a rapid-equilibrium ordered reaction mechanism with K m values of 354 Ϯ 116 and 17.3 Ϯ 0.8 M for NAD ϩ and MSH, respectively, and a turnover number of 24.7 s Ϫ1 . MSH was not consumed, indicating that the expected product, the thioester of formate, was rapidly hydrolyzed under the reaction conditions to regenerate MSH.
The MSNO reductase reaction of MscR (Fig. 15B ) was studied using MSNO synthesized from MSH and sodium nitrite (149) . The kinetic dependence upon MSNO and NADH was consistent with an ordered bireactant system with a K m for MSNO of ϳ1 mM and a turnover number of ϳ2,000 s Ϫ1 , some 80-fold greater than that for the formaldehyde dehydrogenase reaction. The stoichiometry of the reaction, 1 equivalent of NADH per equivalent of MSNO, indicated that the initial product is MSNHOH, an unstable species that readily rearranges to the sulfinamide, MSONH 2 . The latter was presumed to hydrolyze under the conditions used to produce the sulfinic acid MSO 2 H, which was the characterized product of the in vitro reaction.
Treatment of M. smegmatis with S-nitrosoglutathione led to the production of 0.5 equivalent of glutathione disulfide and 1.0 equivalent of nitrate per equivalent of S-nitrosoglutathione consumed (149), indicating that the NO was oxidized in vivo to nitrate rather than reduced to ammonia as the in vitro studies indicate. Attempts to mimic the in vivo production of nitrate in the in vitro system by incorporating hemoglobin N in the in vitro system to facilitate the generation of nitrate had only limited success. Thus, the details of the pathway of NO metabolism in mycobacterial cells require further clarification, but the high specific activity of MscR toward MSNO leaves little doubt that this enzyme plays a key initial role in the detoxification of nitric oxide. This notion is supported by recent studies by the Av-Gay group (79) , who showed that the MSHproducing organism M. smegmatis was more resistant to NO than a broad range of bacteria that do not produce MSH, including E. coli and other GSH-producing bacteria. They showed that an MshA-deficient M. smegmatis mutant that does not produce MSH was more sensitive to NO than the parental strain.
Homologs of M. tuberculosis MscR (Rv2259) in other Actinobacteria and their percentages of identity include the following: M. smegmatis MSMEG4340, 84%; Rhodococcus jostii RHA1 ro02587, 74%; S. coelicolor SCO0741, 74%; and C. glutamicum NCg10313, 65%. This demonstrates that this enzyme is broadly associated with MSH metabolism. In the transposon site hybridization (TraSH) analysis of genes required for growth of M. tuberculosis, MscR was classified as an essential gene (126) .
Maleylpyruvate Isomerase
The conversion of maleylpyruvate to fumarylpyruvate is an important reaction in the metabolism of aromatic compounds via the gentisate pathway (Fig. 16) . In GSH-producing organisms, it is catalyzed by glutathione S-transferase zeta (8), also known as maleylpyruvate isomerase. Maleylpyruvate isomerase activity was reported (39) for extracts of 11 different strains of gram-positive bacteria, including species of Nocardia, Corynebacterium, Arthrobacter, and Rhodococcus, genera subsequently shown to produce MSH. A GSH-independent maleylpyruvate isomerase (NCgl2918) was subsequently identified in Corynebacterium glutamicum (130) . It was cloned and expressed in E. coli as a C-terminal His 6 construct and affinity purified to produce an active enzyme with a specific activity of ϳ19 mol min Ϫ1 mg Ϫ1 that was not stimulated by GSH. It was subsequently shown that the activity of this enzyme is markedly stimulated by 20 M MSH (29) . At this level of MSH, the enzyme was determined to have an apparent K m for maleylpyruvate of ϳ150 M and a V max of ϳ1,500 mol min Ϫ1 mg Ϫ1 , but the apparent K m for MSH was not determined. Deletion mutants of C. glutamicum in mshC and mshD were shown not to produce significant levels of MSH and to be unable to grow on 3-hydroxybenzoate or gentisate (29) . It appears that the dominant activity is that of an MSH-dependent maleylpyruvate isomerase but that a lower-level, thiol-independent activity may also be present. The MSH-dependent maleylpyruvate isomerase from C. glutamicum has been crystallized and, unlike the human GSH-dependent enzyme, was found to be a zinc metalloprotein with a novel fold (153) . The MSH-dependent maleylpyruvate isomerase also lacked the dehalogenation activity found for the human enzyme. Homologs of the C. glutamicum enzyme are found in Rhodococcus jostii RHA1 (ro01864; 68% identity) and Streptomyces coelicolor (SCO1959; 44% identity), but no significant homologs are found in the mycobacteria.
Other Enzymes
There is indirect evidence for additional MSH-dependent enzymes based upon the phenotypic characterization of MSHdeficient mutants. Enhanced sensitivity to peroxides in MSHdeficient M. smegmatis (96, 116, 118) , M. tuberculosis (13, 14) , and Amycolatopsis mediterranei (17) suggests the presence of an MSH-dependent peroxidase. Increased killing of MSH-deficient M. smegmatis by alkylating agents and certain antibiotics (96, 116, 118) may be associated with MSH-dependent Stransferase activity. A protein identified in M. smegmatis (MSMEG0608) as associated with resistance to diamide is a possible S-transferase (115) .
MSH has been associated with the detoxification of methylglyoxal by a glyoxylase I-type activity. This was evidenced by production of S-lactoylmycothiol in extracts of M. smegmatis (http://nobelprize.org/nobel_prizes/chemistry/laureates/2004 /rose-autobio.html). This is similar to the situation in GSHcontaining bacteria, where glyoxylase I produces S-lactoylglutathione from GSH and methylglyoxal, the toxic side product of several metabolic pathways, including glycerol catabolism (112) .
CELLULAR THIOL CONTENT AND REDOX STATUS
MSH is the dominant thiol in most Actinobacteria, with coenzyme A (CoASH) and cysteine occurring at significant but generally lower levels (84) . MSH functioning as a thiol buffer has a key role, in addition to the thioredoxin system, in maintaining a highly reducing environment where protein cysteines are retained in their thiol form (22) . As with the thiol/disulfide status of GSH in GSH-producing organisms (35) , the thiol/ disulfide status of MSH (ratio of MSH to low-molecularweight MSS forms) in Actinobacteria may impact the activity of the cell. For example, the Dos regulon in M. tuberculosis plays a key role in transition to the persistent state (105), and it was recently shown that DosS, which is a heme-containing protein, functions as a redox sensor (61) . In GSH-producing organisms, the thiol/disulfide status is important in regulating protein function, with thioredoxin and glutaredoxin playing centrol roles (11, 47) . Glutathionylation of proteins, which is the production of protein-SSG disulfides, was recently explored as a regulatory process under both oxidative stress and constitutive conditions (20, 31, 34, 49, 67) and was earlier shown to be important in the dormancy of fungal spores (10, 26) . Analogous mycothiolation of proteins could also be important, and there is some indication that mycothiolation of proteins occurs in mycobacteria (15) .
MSH is highly reduced in growing M. smegmatis (94) and M. tuberculosis (13) losis was found to be related to the growth phase and increases almost fourfold from early log to late stationary phase (13) . During a 60-day culture in Middlebrook 7H9 plus ADS, the dominant thiol in M. tuberculosis Erdman was MSH ( Table 6 ). The MSH level rose from 18 nmol/10 9 cells (ϳ5 mM) to over 70 nmol/10 9 cells (ϳ20 mM), with the greatest increase occuring in the transition from log to stationary phase. The oxidized form of MSH (MSS), which is produced in the cell by autoxidation as well as by peroxide reactions, increased to an even greater extent (almost 10-fold) than MSH did, and this is reflected in the 3-fold decrease in the thiol/disulfide ratio of MSH at the late culture times. The second most prominent thiol in M. tuberculosis was CoA, with small amounts of the MSH intermediate Cys-GlcN-Ins detected in the stationary cultures. The thiol form of Cys was not detected in wild-type M. tuberculosis during growth in 7H9 medium, but significant levels of Cys disulfide (0.15 to 0.22 nmol/10 9 cells) were detected from 17 days onward (13) . An MSH level similar to that of M. tuberculosis was reported for M. bovis BCG (17 to 25 nmol/10 9 cells) grown in 7H9 plus ADS to stationary phase, with an MSH/MSS ratio of 50:1 (141) . For comparison with a GSH-containing bacterium, the GSH/glutathione disulfide ratio in E. coli was reported to be 100 (132) . In the M. tuberculosis MshD-deficient mutant, the ratio of thiols to disulfides was greatly reduced, with major increases in Cys disulfide and Cys-GlcN-Ins disulfide (13) . This resulted in a total thiol-tototal disulfide ratio of 13 during exponential phase in the MshD mutant, which declined to 6 after 60 days of culture. This constitutes a markedly more oxidized redox state than that for a total thiol-to-disulfide ratio of ϳ130 for wild-type M. tuberculosis during log phase and of ϳ45 after 60 days of culture.
The MSH and CoA levels in M. smegmatis are quite similar to those detected in M. tuberculosis, though the marked increase in MSH during stationary phase and the drop in thiol/ disulfide ratio were not observed in M. smegmatis during prolonged culture (94) . Another difference is that measurable amounts of Cys thiol have consistently been detected in M. smegmatis.
Thiol levels and, more specifically, MSH levels are generally lower in Actinobacteria other than mycobacteria. For example, Streptomyces coelicolor MSH levels were measured to be 3 to 6 mol/g dry weight, the Nocardia asteroides level was 3.5 mol/g dry weight, the Micrococcus luteus level was 3.6 mol/g dry weight, and the Corynebacterium diphtheriae level was 0.18, compared to a range of 3 to 19 mol/g dry weight for seven strains of mycobacteria (84, 107) . The current exceptions are the high levels of thiols recently observed in some of the marine Actinobacteria (Table 1 ( 89) , with one of the Streptomycetaceae (strain CNQ530) producing a total thiol level of ϳ50 mol/g dry weight.
A novel thiol related to MSH was observed in 13 of 17 marine Actinomycetes strains examined and was the major thiol in two of the "Mar2" species (89) . This thiol was purified from strain CNQ703 and was shown to be N-propionyl-des-N-acetyl MSH (PdAMSH). It appeared in stationary-phase cultures at the time of secondary metabolite production. In strain CNQ703, MSH was the major thiol upon entry into stationary phase on day 2, but its level fell 50-fold from days 3 to 10. From days 2 to 3 of culture, a prominent green-black secondary metabolite was produced, and PdAMSH increased 40-fold to become the dominant thiol from days 3 to 10. M. tuberculosis MshD has been reported to utilize propionyl-CoA as well as the preferred substrate acetyl-CoA (148), so PdAMSH is likely also generated by MshD when propionyl-CoA is abundant and acetyl-CoA is limiting. In the production of polyketide secondary metabolites, propionyl-CoA can be utilized as an initiating subunit and in the production of methylmalonyl-CoA extender subunits (152) . It is not presently known what function PdAMSH production serves.
In addition to growth phase, MSH levels and thiol/disulfide ratios may also be influenced by environmental conditions, such as oxidative or osmotic stress or nutrient starvation, and can be regulated, at least in Streptomyces, by sigma factors. Exposure of M. bovis BCG to the thiol oxidant diamide caused a reduction in MSH levels and a lowering of the MSH/MSS ratio that was more pronounced when the cells were incubated in 0.9% saline (141) . In Streptomyces coelicolor, levels of MSH can be altered during stress and are influenced by multiple sigma factors, as discussed above (63, 104, 106) . Thus, a variety of internal as well as environmental factors appear able to influence the amount and redox status of thiols within Actinobacteria.
MSH TURNOVER
The unexpected discoveries that M. smegmatis mutants devoid of MSH are able to actively import MSH and to accumulate MSH to levels at or above the wild-type content opened the way to examine the turnover of MSH (15) . When stationary-phase cells of the MshA-and MshC-deficient mutants were loaded with MSH and resuspended in conditioned stationaryphase medium and the MSH content followed with time, it was found that their half-lives for loss of MSH were ϳ50 h and ϳ16 h, respectively. The degradation of MSH by Mca generates GlcN-Ins, which can be utilized by MshC to regenerate MSH in the MshA-deficient mutant but not in the MshC-deficient Fig.  17 . Immediately after MSH loading, ϳ10% of the label was found associated with the pellet fraction, and this increased only slightly over the course of the incubation. Since labels from both Cys and GlcN were found in similar amounts, this suggested that MSH itself had become associated with protein (protein mycothiolation), in a process analogous to protein glutathionylation that has received substantial recent attention (20, 32, 34, 49) .
An identical small portion (16%) of the label from Cys and GlcN remained in cellular MSH, and 1% of the 3 H from GlcN was found in GlcN-Ins (Fig. 17) . For AcCys-GlcN(6-3 H)-Ins, ϳ100% of the counts was recovered, with 60% recovered from the culture medium. This is consistent with cleavage of MSH by Mca and hydrolysis of GlcN-Ins to generate glucose and myo-inositol. myo-Inositol is readily metabolized by M. smegmatis and can serve as a sole carbon source. Glucose was proposed to be metabolized through pyruvate and the Krebs cycle, with the 3 H label lost to the medium as water. AcCys, produced from MSH by Mca, was deacetylated by an active deacetylase detected in cell extracts (15) . The resulting [U-
14 C]cysteine was converted to pyruvate by Cys desulfhydrase (15, 156) , recently identified as Rv3025c in M. tuberculosis (131) . Pyruvate was metabolized through the Krebs cycle, with the loss of label as carbon dioxide. The complete metabolism of MSH occurred in stationary-phase cells in stationary-phase conditioned medium, which represents starvation conditions. These studies show that turnover of MSH in stationaryphase M. smegmatis occurs with a half-life of less than a day and that MSH can serve as a resource for Cys and for other metabolites generated in or from glycolytic or Krebs cycle intermediates. Many enzymes involved in these processes, including the active transporter of MSH, the AcCys deacetylase, and the GlcN-Ins hydrolase, remain to be identified.
MSH DRUG TARGETS IN MYCOBACTERIUM TUBERCULOSIS
Initial interest in MSH as a drug target stemmed from its novel structure and its presence as the dominant thiol in mycobacteria. In evaluating which of the enzymes of MSH metabolism are suitable as potential drug targets, several criteria are important (111) . The target must exhibit "drugability," the ability of the active site to accommodate small-molecule inhibitors (68, 129) . Essentiality for growth, as demonstrated in gene knockout experiments, is also a key criterion. However, many drugs that are lethal to growing M. tuberculosis cells fail to kill the bacterium in the latent or dormant state (159) . Effectiveness against latent M. tuberculosis is now considered a prime criterion for new tuberculosis drugs (3) but is not readily established prior to drug development. To the extent that MSH is necessary to protect cells against reactive oxygen species and reactive nitrogen intermediates, we might expect it to be important in the dormant state. If the turnover of MSH in dormant M. tuberculosis is comparable to that in the stationary phase of M. smegmatis (half-life of ϳ16 to 50 h), then the enzymes of MSH biosynthesis and metabolism are active in the dormant state. Which enzymes are likely to be the most effective targets for drug development?
Inhibition of MSH production simultaneously inactivates all MSH-dependent metabolic processes, so the enzymes of MSH biosynthesis would appear to be the prime targets. The first enzyme of the pathway, MshA, is essential for MSH production in M. smegmatis and is likely to be a drugable target in M. tuberculosis. MshA is a member of the GT-B-fold (5; http: //www.cazy.org/fam/acc_GT.html) glycosyltransferases, which include MurG. A screening assay has been reported for E. coli MurG, which also utilizes UDP-GlcNAc, and low-micromolar small-molecule inhibitors were identified, which suggests that MshA may also be a drugable target. The hits were relatively specific for MurG and did not inhibit other UDP-GlcNAcutilizing glycosyltransferases tested (48) . An oxidation product of UDP-GlcNAc, 2Ј,3Ј-dialdehydo-UDP-N-acetylglucosamine (7), is the only reported inhibitor of MshA. This compound inhibited MshA in M. smegmatis extracts with an IC 50 of ϳ0.2 mM, similar to that with UDP-Nacetylglucosamine 2-epimerase (7, 93) . This supports the view that MshA is a drugable target. A limiting factor in the search for drugs directed against MshA has been the inability to readily generate active purified M. tuberculosis MshA.
Little is known about the MSH phosphatase, MshA2. Since no MSH-deficient mutants in a phosphatase were identified during screening of mutant libraries for MSH-deficient mutants, it seems likely that there are multiple phosphatases with overlapping MshA2 activity, making this a poor drug target.
MSH deacetylase, MshB, is a close homolog of Mca, as previously discussed, and is thought to be a poor drug target because mutants in M. smegmatis (117) and M. tuberculosis (14) produce significant amounts of MSH. The compensating deacetylase activity for MshB mutants in M. tuberculosis is likely to derive from the homologous Mca or Rv0323c protein.
The Bewley group recently reported synthetic small-molecule inhibitors of MshB developed around the cyclohexyl thioglycoside analog of GlcN-Ins (Fig. 18) (76) , originally introduced by Knapp et al. (58) . With Mca, the substrate analog of MSmB (Fig. 18, R 1 ) exhibits half the activity of MSmB (the most active substrate of Mca). Of some 23 analogs with various R groups based upon natural product inhibitors of Mca, the most active inhibitor was the R 2 analog (Fig. 18) , which has IC 50 s of 7 M and 33 M for MshB and Mca, respectively (76) . The effects of this inhibitor on MSH levels and viability in mycobacteria have not been reported.
MshC is expected to be the most promising drug target to block MSH biosynthesis. MshC is required in the synthesis of MSH from Ins-P and also in the recycling pathway that regenerates MSH from GlcN-Ins generated by the action of Mca (Fig. 10) . The ample binding sites required for ATP, Cys, and GlcN-Ins suggest that MshC should be a drugable target. Also, MshC is a close homolog of Cys-tRNA synthase, which along with the other tRNA synthases is a validated drug target for Staphylococcus aureus (111) . In that study, drug target validation consisted of essential genes coding for drugable proteins where the bacterial enzyme was significantly different in structure from the human ortholog (111) . Several lines of evidence indicate that mshC is essential in M. tuberculosis, including results from TraSH analysis (126) and those from directed gene knockout studies (124) . If the turnover time of MSH in the stationary-phase M. smegmatis MshC mutant (half-life of ϳ16 h) is indicative of that in dormant M. tuberculosis, then inhibition of MSH biosynthesis and MshC in particular could be on a time scale consistent with shortening tuberculosis chemotherapy.
Initial efforts to identify inhibitors of MshC used a highthroughput screen with a small library selected for ATP binding proteins (95) . One hit, designated NTF1836 (Fig. 19) , was found to have an IC 50 of ϳ100 M in the MshC assay and produced a 60% decrease in the MSH content of M. smegmatis at 30 M (27, 95). However, it also inhibited M. smegmatis growth, indicating that it has targets other than MshC, since M. smegmatis does not require MSH for growth. A likely alternative target is cysteinyl-tRNA synthetase. This could be an advantage, since development of resistance to a drug that has two essential targets is highly unlikely (51) . However, it necessitates that the inhibition of human cysteinyl-tRNA synthetase be sufficiently less to provide a usable therapeutic window.
MshD is also likely to be a drugable target considering the substantial surfaces involved in the binding of the substrate moieties (148) . The mshD mutant produces a small amount of MSH as well as a substantial level of formyl-Cys-GlcN-Ins, and the mshD gene is not essential for growth of M. tuberculosis (13) . This indicates that MshD, like MshB, is not a good target to eliminate MSH biosynthesis. However, in a survey of an M. tuberculosis transposon mutant library for survival in unactivated and activated mouse macrophages, the mshD mutant was found to be one of the most sensitive of the more than 2,000 mutants characterized (120) . This further demonstrates that under conditions of oxidative challenge, the MSH protective systems play an important role. A drug inhibiting MshD would be useful in the further evaluation of this target, but none have been reported.
Turning now to the enzymes of MSH metabolism, we first consider the MSH disulfide reductase Mtr. Like the related enzymes GSH reductase (2) and trypanothione reductase (75), for which inhibitors are known, Mtr is expected to be a drugable target. However An effort to produce a specific gene knockout of mtr is needed to provide a clear indication of the essentiality of this gene.
Benzo-and naphthoquinone derivatives are reduced by Mtr and can serve as "subversive substrates" that promote redox cycling (109) . A series of natural and synthetic naphthoquinone derivatives related to 7-methyljuglone (Fig. 20, S1 ) was prepared and examined for substrate activity with Mtr and for toxicity to M. tuberculosis by Mahapatra et al. (70) . Several homologs of S1 (S2 to S4) exhibited comparable toxicities toward M. tuberculosis, but the correlation with inhibition of Mtr was weak, suggesting that the compounds may also target other enzymes. No specific inhibitors of Mtr have been reported as yet.
MSH S-conjugate amidase, or Mca, plays an important role in MSH-dependent detoxification. As one of the earliest enzymes of MSH metabolism identified and readily assayed, it has received considerable attention as a target for inhibitor development. It was not identified as essential for in vitro growth of M. tuberculosis in the TraSH survey (126) , but the mca gene is upregulated in the enduring hypoxic response believed to be important in M. tuberculosis latency (122) . A specific gene knockout of mca in M. smegmatis exhibited increased sensitivity to a variety of toxins and antibiotics (119) , suggesting that inhibition of Mca might enhance the actions of other antitubercular drugs. Novel bromotyrosine alkaloids from an Australian sponge, Oceanapia sp., were found to be low-micromolar inhibitors of Mca (97, 98, 100) . One scaffold is particularly accessible for chemical synthesis (30, 56) , and synthetic analogs of the natural product, especially EXEG1706 (Fig. 14) , show good activity against mycobacteria as well as methicillin-and vancomycin-resistant Staphylococcus aureus (113) . This was somewhat surprising, because low-GC bacteria, including Staphylococcus, do not have MSH metabolism. However, MSH S-conjugate amidase and the other M. tuberculosis paralogs, MshB and the uncharacterized protein Rv0323c, belong to a large family of zinc metalloproteinases with homologs in eukaryotes (143, 154) , low-GC gram-positive bacteria, such as the staphylococci and the bacilli (25, 139) , and DeinococcusThermus (42) . Since the bromotyrosine natural products (100) and analogs contain the zinc-binding hydroxamate moiety, it is not difficult to envision inhibition of this large family of proteins by inhibitors such as EXEG1706 (Fig. 14) (113) .
The other identified MSH-dependent metabolic enzyme, MscR (MSNO reductase/formaldehyde dehydrogenase; Rv2259), is expected to be a drugable target based on the sizes of its substrates (MSNO and NADH). The TraSH survey indicated that this enzyme is essential in M. tuberculosis, but this has not yet been confirmed by attempted construction of a specific gene knockout. It is not apparent why an NO detoxifying enzyme should be essential under conditions where there is not any NO stress. Perhaps the formaldehyde reductase activity of AdhE2/MscR (Fig. 14) is more important during in vitro growth than the MSNO reductase activity. MscR is a potentially important target but requires further evaluation.
MSH structural analogs can serve as subversive substrates or as inhibitors for MSH biosynthetic or metabolism enzymes. Inhibitors of MshB were synthesized as the carbo-analogs G1 and G2 of GlcNAc-Ins, with changes to the C-2 nitrogen (Fig.  21) (33) . Both analogs inhibited MSH biosynthesis by ϳ50% at 200 g/ml in M. smegmatis. It has been reported that M. smegmatis will take up GlcNAc-Ins (96) and MSH (15) from the medium, so it is not surprising that the analogs G1 and G2 are effective at inhibiting MSH biosynthesis.
Substrate analogs for Mca have been synthesized based on the incorporation of quinic acid in place of myo-D-inositol, which has given an efficient parallel synthesis of several analogs (77) . Most of the analogs have activity against Mca at 50 M, but no data were provided on mycobacteria. Other Mca inhibitors have been produced with the S-cyclohexyl group substituted for myo-D-inositol, as illustrated by the bimane derivative of an MSH S-cyclohexyl thioglycoside, which was half as active as the bimane derivative of MSH with Mca (58) . A series of analogs based on the aminotriol scaffold (Fig. 18 ) (R ϭ variable), an analog of GlcN-Ins, were reported by Knapp et al. (57) and included four compounds with bactericidal activity with M. tuberculosis H37Rv at 6.25 g/ml. No information is provided as to which of the MSH biosynthesis or metabolism genes were inhibited by these MSH analogs.
Validation of MSH as a drug target is provided by inhibitors like the ones produced by Knapp and coworkers (57) and like NTF1836, where MSH enzymes are specifically targeted and bactericidal lead compounds emerge. 
CONCLUSIONS
MSH is the major low-molecular-weight thiol and redox buffer in the Actinobacteria, a very large and geographically diverse phylogenetic clade in the eubacteria. Substantial progress has been made in elucidating its biochemistry and microbiology. MSH, like GSH, is a stabilized form of cysteine, which is required by all organisms for protein and CoA synthesis. MSH has a unique amide bond (Cys-GlcN), as does GSH (␥-Glu-Cys), not subject to cleavage by normal proteases but selectively cleaved by specialized enzymes, namely, MSH S-conjugate amidase for MSH and ␥-glutamyl transpeptidase for GSH. Cysteine is problematic in cells due to its rapid oxidation and its reversible S-acylation in the presence of acylCoA coupled with rearrangement to stable N-acyl derivatives. Blocking of the amino group by the ␥-glutamyl and acetyl groups in GSH and MSH, respectively, limits heavy metal binding and accompanying autoxidation as well as rearrangement of S-acyl derivatives. The ␥-glutamyl moiety of GSH and the GlcN-Ins moiety of MSH make these thiols hydrophilic and prevent the loss of these cysteine reserves from the cell.
The pathway of MSH biosynthesis has been established, and the enzymes involved include a glycosyltransferase (MshA), a phosphatase (MshA2), a deacetylase (MshB), an ATP-dependent ligase (MshC), and an acetyltransferase (MshD). The genes encoding all of the enzymes have been identified, with the exception of mshA2. MshA and MshC are essential for MSH biosynthesis. Mutants in MSH biosynthesis genes have been produced in the soil-dwelling Actinobacteria, which demonstrates that MSH is not essential in these organisms that generally have large genomes. Mutants in mshA and mshC have not been reported for M. tuberculosis Erdman, indicating that MSH is essential for M. tuberculosis. A difference in these two types of Actinobacteria is the unique adaptation to life in the human host, whereas soil-dwelling Actinobacteria grow in diverse environments which require a more varied genome. One advantage of the generally larger genome size of soil Actinobacteria is the antioxidant activities driven by the large network of sigma factors, including sigR and sigB, which can compensate for the absence of MSH.
Mutants deficient in MSH exhibit increased sensitivity to various toxins and antibiotics, indicating that MSH is involved in their detoxification. Several key enzymes of MSH-dependent metabolism have been identified and have a wide distribution in Actinobacteria. These include mycothione reductase (Mtr), which maintains MSH in a highly reduced state; MSH S-conjugate amidase (Mca), which cleaves MSH and its Sconjugates; and the formaldehyde dehydrogenase/MSNO reductase MscR, which detoxifies H 2 CO and NO. An MSHdependent maleylpyruvate isomerase appears to have a more limited distribution. A variety of additional MSH-dependent enzymes associated with MSH-dependent detoxification are likely to be identified, including one or more MSH S-transferases, MSH peroxidases, and mycoredoxins, all of which would be analogs of corresponding enzymes in GSH metabolism. Given the genomic size and metabolic versatility of many Actinobacteria, it is quite possible that additional unique MSHdependent enzymatic processes will be uncovered.
A driving force behind much of the early research on MSH has been to identify targets for potential drugs to treat tuberculosis. Promising targets include MshA, MshC, Mtr, and MscR. MshD and MshB/Mca may also have some potential. Initial results with an inhibitor of MshC suggest that it can be effective against dormant tuberculosis.
Despite the rapid growth in MSH research in the last 5 years, many of its functions and metabolic enzymes have yet to be discovered. An exciting new area of MSH metabolism is the detoxification of aromatic contaminants of soil by bioremediation organisms, as illustrated by the MSH-dependent degradation of hydroxybenzoate by C. glutamicum (29) . Of particular interest are the larger-genome bioremediation Actinobacteria, such as the recently sequenced organism R. jostii RHA-1, which is a "catabolic powerhouse" well known for biodegradation of xenobiotics (74) . This organism has over 1,000 oxidoreductases and may utilize MSH as a cofactor in many of its bioconversions. Research on MSH-dependent detoxification and bioremediation will easily inspire biochemists for years before a full understanding of the scope of MSH metabolism is known in detail.
